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Abstract
Wireless companies want next-generation gadgets to download at rates of gigabits per 
second. This is because there is an exponential growth in mobile traffic, however, existing 
digital networks and devices will not be efficient enough to handle this much growth. In 
order to realize this requirement, the next generation of wireless communication devices 
will need to operate over a much larger frequency bandwidth. In this chapter, novel 
wideband and ultra-wideband (UWB) antennas that are based on loading the back-
ground plane of a monopole radiator with concentric split-ring resonators are presented. 
It is shown that this modification improves the fractional bandwidth of the antenna from 
41 to 87%; in particular, the operational bandwidth of the proposed antennas is double 
that of a conventional monopole antenna of the same size.
Keywords: split-ring resonator, ultra-wideband antenna, composite right/left-handed 
metamaterial, miniaturized antennas
1. Introduction
Multiband antennas for the personal wireless communications that facilitate various global 
communication standards and services have become imperative [1, 2]. The antennas for 
modern communication devices should be capable of operating at maximum possible 
frequency bands to serve multiple cellular and noncellular communication applications. 
Moreover, the antennas for portable handheld wireless communication terminals should 
have compact, low profile, robust, light weight, easy to manufacture, and flexible [3, 4].
© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
The introduction of metamaterials (MTM) has provided unique and naturally nonexistent 
properties that have enabled the design of antennas with sizes much smaller than their con-
ventional counterparts [5, 6]. Metamaterial structures can be realized using the resonant and 
nonresonant approaches [7, 8]. In particular, metamaterial structures can be implemented 
using the split-ring resonators (SRRs), complementary SRR (CSRRs), transmission-line-based 
structures, electric-field coupled-LC (ELC), etc. [9]. The properties of metamaterials are 
widely exploited to realize compact antennas with improved performance [10, 11]. Although 
resonant structures are inherently narrow band, a number of studies have been conducted to 
improve the bandwidth of metamaterial antennas [12, 13].
This chapter presents a number of antennas implemented with asymmetrical SRR loading 
and without SRR loading. The first version of antenna consists of a standard monopole radia-
tor without SRR loading, and the second version comprises two monopoles with SRR load-
ing. In effect, with the SRR loading, the bandwidth of the F-shaped and T-shaped antennas 
improves considerably. The F-shaped antenna’s bandwidth improves from 31.5 to 75.4%, and 
in the case of the T-shaped antenna, the improvement is from 41.16 to 86.9% for VSWR ≤2. 
The SRR loading pulls down the resonant frequency so that both antennas cover the required 
frequency range related to worldwide interoperability for microwave access (WiMAX 3.5/5.5 
GHz) and wireless local area network (WLAN 5.2/5.8 GHz) bands.
2. Antenna configurations
Two antennas with differing configurations with and without asymmetrical split-ring load-
ing on the ground plane are shown in Figures 1 and 2, respectively. The F-shaped and 
T-shaped antenna structures are essentially monopole radiators. The second versions of the 
antennas were loaded with asymmetrical SRR on the ground plane to enhance their radiation 
characteristics. The ground planes of the antennas are truncated into L-shape with a notch. 
Figure 1. Fabricated prototypes of the monopole antennas, (a) top view of F-shaped antenna, (b) top view of T-shaped 
antenna, and (c) back view of both antennas without SRR loading. The antennas are in the xy plane.
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This configuration improved the antennas impedance matching. To validate the designs, the 
antenna structures were modeled and analyzed by Ansys 3D full-wave electromagnetic field 
simulator called high-frequency structure simulator (HFSS™) [14]. The antennas were opti-
mized and fabricated on RT/duroid® 5880 substrate permittivity  ( ε r  ) of 2.2, loss tangent 
(tanδ) of 0.002, and thickness (h) of 0.8 mm.
The dimensions of the parameters in Figure 1 are as follows: L1 = 19 mm, L2 = 7 mm, W1 = 1.4 
mm, and W2 = 0.4 mm. Dimensions in Figure 2c are as follows: LSRR = 12 mm, WSRR = 0.4 mm, DMin 
= 0.4 mm, DMax = 0.8 mm, d = 1.5 mm, L1 = 30 mm, L2 = 11 mm, W = 22 mm, LS = 3.5 mm, and WS = 
2.2 mm. Overall size of the antennas are 25 × 10−2λo× 11 × 10
−2λo × 2 × 10
−2λo for F-shaped antenna 
and 25 × 10−2λo × 21 × 10
−2λo × 2 × 10
−2λo for T-shaped antenna, where the free space wavelength 
(λo) is 4 GHz. The performance of the antennas was verified using a network analyzer.
Asymmetrical split-ring resonator loading on the F-shaped and T-shaped antennas, shown 
in Figure 2, excites a lower resonance frequency mode that matches with the resonance fre-
quency of monopole antennas, thus increasing the bandwidth of the antennas. As a result, 
the operational bandwidth of the antennas is extended to cover WiMAX (3.5–5.5 GHz) and 
WLAN (5.2–5.8 GHz) bands.
2.1. Results and discussion
The performance of the F-shaped and T-shaped antennas is compared with and without asym-
metrical SRR loading. The simulated and measured reflection coefficient of the two antennas 
with and without SRR loading is shown in Figure 3. The simulated and measured impedance 
bandwidth of the F-shaped antenna without SRR loading is 1.62 GHz (3.95–5.57 GHz) and 
1.5 GHz (4.0–5.50 GHz), respectively, which corresponds to a fractional bandwidth of 34.0 
and 31.5%, respectively. The simulated and measured impedance bandwidth of the T-shaped 
antenna without SRR loading is 2.08 GHz (3.77–5.85 GHz) and 1.98 GHz (3.82–5.80 GHz), 
respectively, which corresponds to a fractional bandwidth of 43.24 and 41.16%, respectively. 
These results also show that there is excellent agreement in the simulated and measured results.
Figure 2. Fabricated prototypes of the antennas with asymmetrical SRR loading, (a) top view of F-shaped antenna, (b) 
top view of T-shaped antenna, and (c) back view of both antennas with SRR loading.
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Results in Figure 3 show that by loading the ground plane with SRR, a lower resonant fre-
quency mode is excited in both antennas that match with the resonance frequency of monopole 
antennas. This has a consequence of increasing the bandwidth of the antennas. Simulation 
results using HFSS™ show that with SRR loading, the F-shaped and T-shaped antennas reso-
nate at 3.65, 5.8 and 4.1, 5.9 GHz, respectively, and the measured resonant modes for the 
F-shaped and T-shaped antennas occur at 3.75, 5.9 GHz and 4, 6 GHz, respectively.
It is evident from Figure 3a that the F-shaped antenna loaded with SRR has an impedance 
bandwidth of 78.27% (2.83–6.47 GHz) using HFSS™. The actual impedance bandwidth mea-
sured is 75.40% (2.9–6.41 GHz). Similar performance is obtained with the T-shaped antenna 
when loaded with SRR, as shown in Figure 3b. The simulated and measured impedance 
bandwidth of the SRR-loaded T-shaped antenna is 4.11 GHz (2.57–6.68 GHz) and 4 GHz 
(2.6–6.6 GHz), respectively, which corresponds to a fractional bandwidth of 88 and 87%, 
respectively. The operating frequency range of F-shaped and T-shaped antennas without 
Figure 3. Simulated and measured reflection coefficient of (a) F-shaped and (b) T-shaped antennas with and without 
SRR loading.
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SRR using HFSS™ is centered at fr = 4.80 and 4.85 GHz, respectively; however, the measured 
operating frequency range is centered at 5 GHz in both cases. The results show that with 
SRR loading on the ground plane of the antennas can considerably improve the bandwidth 
of both F-shaped and T-shaped antennas. Consequently, it is found that the SRR loading 
extends the impedance bandwidth of the monopole antennas enabling coverage across the 
WiMAX (3.5–5.5 GHz) and WLAN (5.2–5.8 GHz) bands.
For the unloaded antennas, the measured fractional bandwidth is 31.5% for the F-shaped 
antenna and 41.16% for the T-shaped antenna. With SRR loading, the fractional bandwidth 
improvement is 75.4% for the F-shaped antenna and 86.9% for the T-shaped antenna. There is 
clearly an improvement by a factor of 2.39 (F-shaped antenna) and 2.11 (T-shaped antenna).
The measured gain and radiation efficiency of the F-shaped and T-shaped antennas with and 
without the SRR loading is shown in Figure 4a and b, respectively, and salient features are 
given in Table 1.
Figure 4. Measured gain and efficiency response of the two antennas with and without SRR loading. (a) F-shaped 
antenna and (b) T-shaped antenna.
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Figure 5a shows the two antennas radiate omni directionally in the E-plane across the entire 
operating frequency range in both cases of with and without SRR loading. Cross polarization 
is at least 15 dB below the main radiation. Both antennas radiate bidirectionally in the H-plane 
across their operating frequency. In this case, the cross polarization is also at least 15 dB below 
the main radiation. Results show that the gain is much stronger for both antennas with SRR 
loading at 6 GHz, and at 5 GHz, the gain is more pronounced only for the T-shaped antenna 
loaded with SRR.
Without asymmetrical SRR loading With asymmetrical SRR loading
F-shaped  
antenna
Gain (dBi) @ 4, 4.5, 5, 5.5 GHz: 1, 1.8, 3.6, and 3.2 @ 2.9, 3.8, 5, 6, 6.41 GHz: 1.7, 2.4, 3.7, 4, 3.45
Efficiency (%) @ Same Freq.: 36.3, 48.1, 78.5, 73.8 @ Same Freq.: 43.6, 51.7, 60.9, 81.2, 76.5
T-shaped  
antenna
Gain (dBi) @ 3.82, 4, 5, 5.8 GHz: 1.15, 1.3, 3.9, 3.3 @ 2.6, 3.82, 4, 5.8, 6, 6.6 GHz: 1.8, 2.75, 2.9, 
4.25, 4.4, 3.7
Efficiency (%) @ Same Freq.: 36.5, 42.1, 80.2, 70.4 @ Same Freq.: 45.5, 56.5, 58.9, 79.3, 82.6, 75.4
Table 1. Radiation characteristics of the two antennas (maximum values have been set as bold fonts).
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2.2. Effect of asymmetrical SRR loading
The propagation characteristics of the proposed structures are now considered by analyzing 
their dispersion properties. Figure 6 shows the simplified discrete element equivalent circuit of 
the antenna structures. This electrical circuit is valid in the long-wavelength region (i.e., βl≪1). 
Note, β is the propagation constant for guided waves, and l is the length of the structure.
L (H/m) and C (F/m) represent the inductance and capacitance, respectively. These two reac-
tance components define the inductance associated with the central conductor in the structures 
and the capacitive coupling between the structures and ground planes. SRR loading is modeled 
by a parallel resonant circuit constituted from inductance (LS) and capacitance (CS). The parallel 
resonant circuit is electromagnetically coupled to the structure through a mutual inductance 
(M). It can be shown that the dispersion relation is given by:
Figure 5. Measured E-plane and H-plane radiation patterns for F-shaped and T-shaped antennas with and without 
asymmetrical SRR loading at the operating frequencies. (a) Measured E-plane radiation patterns for F-shaped and 
T-shaped antennas. E-plane corresponds to Phi = 0°. (b) Measured H-plane radiation patterns for F-shaped and T-shaped 
antennas. H-plane corresponds to Theta = 90°. The slight shift in beam direction in H-plane is due to loading of SRR on 
the ground plane.
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  cos (βl ) = 1 −  LC  ω 
2  _____2 +  
C /  C ′ S  _________ 4(1 −  ω 0 2  /  ω 2  )
(1)
  C ′ S  =  
 L S  _____  M 2   ω 0 2 
(2)
  L ′ S  =  C S   M 2   ω 0 2 (3)
  ω 0 2  =  
1 ____  L S   C S 
 =  1 _____  L ′ S   C ′ S 
(4)
M can be inferred from the fraction (Af) of the slot area occupied by the rings according to:
  M = 2L  A f (5)
By obtaining the equivalent impedance of the series branch, the circuit can be simplified as 
shown in Figure 7. The dispersion relation for the circuit in Figure 7 is given by [15]:
  cos (βl ) = 1 −  ( Lω − 1 / Cω _4L / C ) ( 2Lω −   L 
′ S  /  C ′ S  ___________  L ′ S  ω − 1 /  C ′ S  ω) (6)
Figure 7. Simplified circuit with the series branch replaced by its equivalent impedance.
Figure 6. Lumped element equivalent circuit for the antenna structures.
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The dispersion diagram for the corresponding structures using HFSS™ and Eq. (6) is shown 
in an ω–β diagram in Figure 8. The circuit elements have been calculated for the antenna 
structures shown in Figure 2.
Nicolson-Ross-Weir method was used to obtain the permeability of the SRR [16]. Impedance 
and permeability response of F-shaped and T-shaped antennas loaded with SRR, shown in 
Figure 9, reveal that the impedance and permeability of the SRR in both antennas are positive 
and stable over the operating bands of antennas.
Figure 8. Dispersion diagram of the proposed F-shaped and T-shaped antennas. (Blue lines are for F-shaped antenna, 
and the green lines are for T-shaped antenna). (a) Without SRR loading and (b) loaded with SRR.
Figure 9. Impedance and permeability response for the two antennas loaded with SRR. (a) Impedance of the SRR for 
F-shaped antenna, (b) impedance of the SRR for T-shaped antenna and (c) permeability of the SRR for both antennas.
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To achieve the desired performance from the antennas, it was necessary to optimize the 
dimensions of the asymmetrical SRR loading using Ansys HFSS™ EM Simulator. Figures 10 
and 11 show the effect of the SRR dimensions on the reflection coefficient response of the two 
antennas as a function of length (LSRR), width (WSRR), and gap between the SRR rings (DSRR). 
Results show that when the length (LSRR), width (WSRR), and gap (DSRR) of SRR loading are 
increased, the bandwidth of the antennas is marginally improved.
Effect on the antenna’s gain and radiation efficiency as a function of the SRR dimensions is 
shown in Figure 12. These results clearly show the dimensions of the SRR greatly influences 
the antenna’s the gain and efficiency properties over the entire operating frequency range of the 
antenna.
3. Conclusion
To summarize, this chapter presented two monopole antenna configurations loaded with 
and without split-ring resonators (SRR). The results presented show that SRR loading 
improves the antenna’s performance in terms of bandwidth and radiation characteris-
tics compared to conventional unloaded monopole antennas. This is because SRR-loaded 
antennas excite a lower resonance frequency mode that matches with the resonance fre-
quency of the monopoles, thereby extending the overall impedance bandwidths. The 
metamaterial antenna presented is implemented with CRLH-TL unit-cells comprising 
“LT-shaped” slots in a radiating patch with an inductive spiral ground through a via 
Figure 10. Parametric study on SRR dimensions for the F-shaped antenna. (a) Effect of SRR length (LS) (all other 
parameters remain constant). (b) Effect of SRR width (WS) (all other parameters remain constant). (c) Effect of gap 
between the rings of the SRR (DSRR) (all other parameters remain constant).
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hole. The SRR-loaded antennas operate over a frequency range that covers WiMAX 
(3.5/5.5 GHz) and WLAN (5.2/5.8 GHz) bands. The antennas are relatively small and 
have a size of  0.29  λ o × 0.21  λ o where λo is 2.9 GHz. The antenna has a maximum gain 
and radiation efficiency of 4.4 dBi and 82.6%, respectively, at 6 GHz. The metamaterial 
antenna covers a frequency bandwidth extending from 0.5 to 11.3 GHz for VSWR < 2 and 
has a size of 22.6 × 5.8 × 0.8 mm3. It has a maximum gain and radiation efficiency of 6.5 
dBi and 88%, respectively, at 8 GHz.
Figure 11. Parametric study on SRR dimensions for the T-shaped antenna. (a) Effect of SRR length (LS) on the reflection 
coefficient response (all other parameters remain constant). (b) Effect of SRR width (WS) on the reflection coefficient 
response (all other parameters remain constant). (c) Effect of varying the gap between the rings of the SRR (DSRR) on 
reflection coefficient response (all other parameters remain constant). The number of SRR pairs used is four.
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Figure 12. Effect on the radiation characteristics of the two antennas by the dimensions of SRR loading. (a) F-shaped 
antenna and (b) T-shaped antenna.
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